human genome that are currently inaccessible at a population scale [1, 2] . One such 1 class of variation is short tandem repeat (STR) unit number variation. Some have 2 previously suggested that adding STR variation to existing genetic models would 3 considerably increase the proportion of heritability explained by genetic factors in 4 human disease [7, 8] . Three percent of the human genome consists of STRs [9] and 6% 5 of human coding regions are estimated to contain STR variation [10, 11] . Recently, the 6 first catalog of genome-wide population-scale human STR variation has appeared [12] , 7 opening up new possibilities for understanding the contribution of STRs to human 8 genetic diseases. This catalog, and similar data sources [13] , have appeared decades 9 after initial calls for the assessment of the role of STRs in phenotypic variation [14] , 10 lagging behind surveys of other genomic elements. Much of the initial interest in STRs 11 was generated by the discovery of phenomena such as genetic anticipation, which are 12 mediated by the unique features of STRs [15] . As we will discuss, new and forthcoming 13 data sources will help to realize the long-deferred promise of STRs for explaining 14
heritability. 15
STRs consist of short (2-10 bp) DNA sequences (units) that are repeated head-16 to-tail multiple times. This structure causes frequent errors in recombination and 17 replication that add or subtract units, leading to STR mutation rates that are 10-fold to 18 10 4 -fold higher than those of non-repetitive loci [16, 17] . Due to technical barriers, STR 19 variation has until very recently remained inaccessible to genome-wide assessment. 20
STRs are often conserved (even if their unit number or even sequence changes), 21 especially in coding sequences [18] [19] [20] [21] . In both humans and the yeast Saccharomyces 22 .
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The severity of the STR expansion-associated diseases may suggest that natural 3 selection should eliminate STRs in functional regions, but several recent studies across 4 many organisms indicate that variable STRs are globally maintained [19, 20, 24, 49, 50] . 5
For example, the pre-expansion polyQ-encoding STR in the human gene SCA2 is under 6 positive selection, suggesting that this variable STR is actively maintained in spite of the 7 pathogenic expansions that do occasionally occur and cause spinocerebellar ataxia 8
[51]. Considering both the evidence of positive selection on STRs and the functional 9 enrichments of STR-containing genes, several authors have proposed that functional 10
STRs are maintained because they confer 'evolvability', or the capacity for fast 11 adaptation [21,22,52-54]. This suggestion is intriguing, in part because many STR 12 mutations are dominant, and, when beneficial, can quickly sweep to fixation. Although 13 we do not further discuss these evolutionary considerations here, they underscore the 14 phenotypic potential of STR variation. 15
16

STR variation has dramatic background-dependent effects on phenotype 17
To date, the functional consequences of unit number variation in selected STRs 18 have been studied in plants, fungi Beyond the observable fact that variable STRs affect phenotype, we can make 8 specific predictions about the components of phenotypic variation that they affect. Both 9 theoretical expectations and empirical data indicate that STR variants are likely to 10 participate in epistatic interactions, and probably more so than most SNVs. One 11 plausible hypothesis is that STRs act as mutational modifiers of other loci, as may be 12 expected intuitively from their elevated mutation rate (Box 1, Figure I) . . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/006387 doi: bioRxiv preprint first posted online Jun. 18, 2014; and are thought to functionally repress the activity of the xmrk gene product through 1 increased dosage of the tumor suppressor [29] . 2 Similarly, we have shown that natural variation in the polyQ-encoding ELF3 STR 3 significantly affects all ELF3-dependent phenotypes in the plant A. thaliana, with ELF3 4 STR length and phenotype showing a strikingly nonlinear relationship ( Figure 1B ) [25] . 5 Some naturally occurring ELF3 STR variants phenocopy elf3-loss-function mutants in a 6 common reference background ( Figure 1B) A dramatic example of incompatibility can be found in an intronic repeat in the 1 IIL1 gene in A. thaliana, which was found to be dramatically expanded in one strain [55] . the CONSTANS promoter in A. thaliana [28] . We suggest that polymorphisms in protein 7 interaction partners or in transcriptional regulators are plausible explanations for the 8 observed background effects. In summary, we expect that STR variation is likely to 9 contribute a substantial epistatic component to heritability, which has important 10 implications for their use in explaining phenotypic variation. 11
12
Analytical tools and genotyping methods continue to struggle with STR-specific 13
challenges. 14
To fulfill the promise of STR variation for explaining heritability, we need 15 accurate, genome-wide assessment of STR variation in populations of humans and 16 other organisms. The scientific community has tackled this problem in a flurry of recent 17 studies describing methods for genotyping STRs genome-wide (Table 1) . Specifically, in 18 the last two years, several analytical tools have been developed to call STR genotypes 19 from whole-genome-sequencing data [37] [38] [39] . These tools attempt to address the two 20 major challenges for genotyping STRs: poor mappability due to low sequence 21 complexity and high technical error rate due to amplification stutter. (Table 1) . Calls based on 18 so few reads may not be accurate even for homozygous germline alleles. Calling 19
heterozygous STR genotypes remains difficult with the modest coverage of most 20 available whole-genome-sequencing data, such as found in the 1000 Genomes Project 21
[12], which becomes even more challenging when potential somatic mutations 22 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/006387 doi: bioRxiv preprint first posted online Jun. 18, 2014; contribute to a heterogeneous sample population. To illustrate this challenge, consider a 1 heterozygous ~30 bp-STR locus and whole-genome sequencing with 101 bp-reads at 2 5x coverage -this scenario is likely to yield just three STR-spanning reads (Figure 2) . 3
These three reads may represent one, two, or three different alleles, representing any 4 mixture of two different germ-line alleles, somatic alleles, or technical error, making an 5 accurate call difficult. Consequently, an increase in the sequencing depth of available 6 data may be required before these tools reach their full potential. 7
Others have attempted to genotype STRs using whole-genome-sequencing data 8 
with midsize-reads (101 bp, 500 bp) [35, 36] . Targeted STR capture requires the design 1 of STR-specific probes (or rather probes specific to their unique flanking sequences) 2 and involves additional sequencing, but these approaches can dramatically increase the 3 number of informative reads, therefore providing substantial STR coverage for accurate 4 genotyping calls (Table 1) . For example, the SureSelect-RNA-probe capture method 5 reports 27% informative STR-spanning reads compared to the 0.2 % informative reads 6 found in whole-genome-sequencing data ( 
individuals. 9
In a more recent study, the authors used logistic regression and the analysis of 10 variance to detect associations between STR alleles and quantitative phenotypes in an 11
inbred Drosophila mapping population [13] . Given that significant associations were 12 detected, such approaches may be sufficiently powerful in recombinant inbred lines. 13
However, their strategy relied on homozygosity, and considered multiallelic STRs in a 14 pairwise fashion, so these straightforward methods will lose power with outbred 15 populations and multiallelic STRs. 
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Some studies have reported linear associations between STR unit number and 1 quantitative phenotypes [27,57], suggesting that using simple tests of linear correlation 2 between these variables may be a powerful option. However, this linearity (or even 3 monotonicity) of the relationship between STR unit number genotype and phenotype is 4 a poorly-supported assumption [25] . Nonetheless, STR unit number is a numerical 5 variable, and it would be preferable to gain power from treating it as such. For instance, 6 more similar STR unit number genotypes might be associated with more similar 7
phenotypes, but this intuition may be difficult to generalize. 8
Lastly, both intuition (Box 1) and the studies discussed above lead us to expect 9 that relatively many phenotypically relevant variable STRs will show epistasis with other 10 loci. This epistasis will reduce power in tests of association between STRs and 11
phenotype [85], given the inadequacy of the current paradigm of quantitative genetics in 12
detecting and modeling the effects of epistasis [85, 86] . At present, targeted and 13 exhaustive genetic studies (as described above) are the only effective method for 14 understanding the effects of epistasis. 15
In total, these obstacles present a daunting challenge for the integration of STR 16 genotypes into the current genotype-phenotype maps. Overall, we call for a reappraisal 17 of statistical methodologies for use in GWA with STR variation to account for these 18 various STR-specific confounders. 19 20 Somatic STR variation may be a sensitive marker for increased disease 21
susceptibility. 22
.
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It has been appreciated for some time that the high STR mutation rate leads to 1 somatic variation within individuals in addition to germ-line variation between individuals 2
[71]. This somatic STR variation is particularly noticeable in tumor tissues, but is also 3 measurable in primary tissues [73, 87] . While these findings immediately led to systems 4 of classification for tumor types and clones [76,88,89], the investigation of somatic STR 5 variation (or MSI) may also inform us about general phenotypic states and disease 6 susceptibility. 7
Patients with various complex diseases tend to carry a greater load of rare germ-8 line variants than unaffected control groups [6] . It is widely assumed that these rare 9 variants contribute in some fashion to these disorders [90]; however, an alternative 10 interpretation holds that they are signs of stochastic genome instability, which when 11 increased leads to higher susceptibility to complex diseases. [6] . Increased genome 12 instability will increase somatic variation, which may then serve as a read-out of disease 13 susceptibility [6] .This alternative interpretation has some support from empirical data. 14 For instance, perturbation of the molecular chaperone Hsp90, which stabilizes diverse 15 DNA repair proteins, leads to increased somatic STR mutation rates in human cells; in Consequently, although somatic MSI may not be the cause of disease 1 phenotypes, it may serve as a biomarker for individuals who are more vulnerable to 2 environmental and genetic perturbations leading to disease. Again, this strategy hinges 3 on the development of cost-effective technologies for screening panels of STRs for 4 somatic mutations across many humans, which will require new strategies to distinguish 5 technical error from somatic STR variation. 6
Another possibility is that somatic variation is itself phenotypically relevant, or 7 even plays a role in developmental processes. It is known that STRs are enriched in 8 genes with neuronal function [91] ; some have even proposed that such somatic 9 mutation is a component of normal neuronal development in humans [92] . If this is the 10 case, then a greater appreciation of somatic variation will be necessary to understand 11 canonical developmental processes. Collectively, STR variation within (in addition to 12 between) individuals has great potential as a read-out for disease susceptibility, and 13 perhaps also as a cause of phenotypic variation itself. 14 15
Concluding remarks 16
The study of STRs and other under-ascertained genomic elements has the potential to 17 reshape our model of the heritability of complex diseases and traits, both in terms of the 18 overall proportion of heritability explained, and in terms of the components of heritability 19 themselves (Outstanding Questions). Experimental studies in model organisms have 20 taught us that the phenotypic effects of genome-wide STR variation are both dramatic 21 and impossible to understand without taking epistasis into account. In the future, our 22 . Heritability: The fraction of variation in a phenotype across a population that can be 21 attributed to genetic differences. 22
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Epistasis: Non-reciprocal interactions of non-allelic gene variants, due for instance to 1 functional interdependence between gene products in a protein complex or metabolic 2
pathway. 3
Genome-wide association (GWA): A set of methods by which each of a large number 4 of genetic variants genome-wide is tested for statistical associations with a phenotype. 5
Often referred to in the context of genome-wide association studies (GWAS). 6
Complex disease, complex traits: Complex diseases or traits are phenotypic 7 characters thought to be affected by multiple genetic and environmental factors. 
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